INTRODUCTION
The glyoxalase system catalyses the conversion of 2-oxoaldehydes into the corresponding 2-hydroxy acids [1] [2] [3] . The process involves two consecutive reactions mediated by glyoxalase I (EC 4.4.1.5 ; lactoylglutathione lyase) and glyoxalase II (EC 3.1.2.6 ; hydroxyacylglutathione hydrolase) respectively [4] . Glyoxalase I catalyses the formation of S--lactoylglutathione from the hemimercaptal adduct formed spontaneously from methylglyoxal and reduced glutathione. This thiolester product is hydrolysed by glyoxalase II to -lactic acid and glutathione. The latter enzyme is present in both the cytoplasm and mitochondria [5] . The two distinct enzymes have been purified from a wide variety of species such as mammals, prokaryotes and plants [1] [2] [3] . They seem to be ubiquitous, in accord with their proposed role of detoxifying methylglyoxal, which is believed to be a physiological substrate. Methylglyoxal is produced mainly as a by-product of glycolysis [6] , but it can also be formed from aminoacetone and hydroxyacetone derived from the catabolism of threonine and acetone [2] . The human enzymes have attracted interest in research targeted at diabetes and cancer therapy.
The glyoxalase system has been studied only to a limited extent in plants. A finding of possible significance is the apparent correlation between cell proliferation and glyoxalase activity [7] . Inhibitors of cell division have been observed to lower the activity of the enzymes.
Glyoxalase II purified from plants has been shown to have a molecular mass in the range 26 to 28 kDa [7] [8] [9] . The isoelectric point of the enzyme from different plant sources has been reported in the range between 4n7 and 6n2.
Human glyoxalase II has recently been cloned [10] . Searches in the EMBL databank for protein sequences with similarity to the human enzyme revealed a similarity of 71 % to the deduced amino acid sequence of two partial cDNA sequences in Arabidopsis thaliana. This striking similarity suggested that the plant sequences encode glyoxalase II. Elucidation of the function of expressed nucleic acid sequences is particularly important in A. thaliana, since this species has been chosen for complete genome analysis (as a representative of plants). In the present * To whom correspondence should be addressed. The nucleotide sequence for A. thaliana glyoxalase II has been submitted to EMBL, GenBank and DDBJ Nucleotide Sequence Databases under accession no. Y08357.
residues, shared 100 % identity. A 29 kDa protein with an isoelectric point of 6n2 was obtained by heterologous expression of the A. thaliana cDNA in Escherichia coli. Homogeneous enzyme was obtained by affinity purification and its catalytic parameters with thiolesters of glutathione were similar to those for human glyoxalase II. The structural and functional similarities between glyoxalase II from A. thaliana and from human tissues suggest a common evolutionary origin.
investigation we have cloned the cDNA from A. thaliana. The full-length sequence encodes glyoxalase II with thiolesterase activity. Characterization of the recombinant enzyme reveals that the plant and the human enzyme are not only structurally but also functionally similar.
EXPERIMENTAL Materials
The A. thaliana (variety L. colombia) cDNA library constructed from mRNA from 4n5-week-old plants (leaves and stem) was purchased from Clontech Laboratories (Palo Alto, CA, U.S.A.). Oligonucleotides were custom-synthesized by Operon Technologies (Alameda, CA, U.S.A.). Lambda Sorb and the vector pGEM-3Zf(j) were obtained from Promega (Madison, WI, U.S.A.). The expression vector pKK 223-3 was purchased from Pharmacia Biotech (Uppsala, Sweden) and modified as previously described [11] . Enzymes used for recombinant DNA work were bought from Boehringer-Mannheim (Mannheim, Germany). Sequenase version 2.1 and [α-$#P]dCTP were purchased from Amersham International (Amersham, Bucks., U.K.). Affi-Gel 10 was bought from Bio-Rad (Richmond, CA, U.S.A.). The thiolesters were enzymically synthesized as described previously [12] .
Nested PCR and cloning
For the purification of A. thaliana cDNA, 200 µl (3i10"# plaqueforming units) of λ phage lysate was used. The purification was carried out using the Lambda Sorb phage adsorbent according to the manufacturer's instructions. The purified DNA was dissolved in 1 ml of water.
The PCR was carried out in a 100 µl reaction mixture consisting of 10 mM Tris\HCl, pH 8n3, 1n5 mM MgCl # , 50 mM KCl, 0n2 mM each dNTP, 0n8 µM 5h and 3h primers and 5 µl of the A. thaliana cDNA library. The reaction mixture was overlaid with 100 µl of mineral oil. Amplification involved 95 mC for 1 min, 55 mC for 2 min and 72 mC for 2 min for 30 cycles. Two consecutive nested PCRs were performed to isolate the partial glyoxalase II cDNA sequences in two overlapping parts. The 5h part of the A. thaliana glyoxalase II cDNA was isolated using the λgt11 vectorspecific primers V1 and V2 (5h-CG GAATTC GAG CTC ACA CCA GAC CAA CTG GTA ATG-3h and 5h-CTC GAATTC ACC AAC TGG TAA TGG TAG CG respectively ; the restriction sites for EcoRI are underlined) in combination with the primers directed upstream of C ( Figure 1 ) (5h-TG AAGCTTGTCGAC GGT GTA CTC ATG GCC GCA GTA3h ; the restriction endonuclease sites for HindIII and Sal I are underlined). The 3h part of the cDNA sequence was isolated using the primers A and B directed downstream (5h-TTC CCG GAATTC ATG AAG ATC TTC CAC GTT CCT TGT-3h and 5h-ATC GAATTC CTC ACT ACG CAT CAT CAC TGG-3h respectively ; the restriction endonuclease sites for EcoRI are underlined).
The amplified DNA was digested with restriction enzymes at sites introduced via the PCR primers and ligated into the EcoRI and Sal I sites of the vector pGEM-3Zf(j) for transformation of Escherichia coli JM109. The cloned DNA was sequenced on both strands [13] .
Sequence analyses, alignments and homology searches were carried out using the GCG computer program package for sequence analyses (Genetics Computer Group, 575 Science Drive, Madison, WI 53711, U.S.A.).
Heterologous expression and purification of glyoxalase II
For optimal expression in E. coli [14] , a 5h-oligonucleotide primer was designed by randomizing silent positions of the nucleotide triplets encoding the first 14 amino acid residues after the initiator methionine : AGIISTART, 5h-TCTA GAATTC ATG AAR ATY TTY CAY GTD CCD TGY CTB CAR GAY AAY TAY TCB TAY CTG ATA ATC GAT G-3h (the restriction site for EcoRI is underlined). In the 3h end of the coding region, two stop codons (TAA) in tandem were introduced via the primer AGIISTOP, 5h-TTAC GTCGAC TTA TTA TCC CCT CCA CTG ATC CTT-3h (the restriction site for Sal I is underlined).
A 10 µl aliquot of the A. thaliana cDNA library was used in a first PCR as described above using the primers AGII, 5h-TT CCCGGGAATTC ATG AAG ATC TTC CAC GTT CCT TGT-3h (restriction sites for SmaI and EcoRI are underlined) and the vector-specific primer V1 (described above). The product from the first PCR was used in a second PCR using the primers for optimal expression, AGIISTART and AGIISTOP, as described except for the annealing temperature with five cycles at 40 mC for 2 min followed by 25 cycles at 50 mC for 2 min. The fragment obtained was digested with EcoRI and Sal I and ligated to the expression vector pKK-D [11] . Screening for clones expressing glyoxalase II was via activity measurements using S--lactoylglutathione. The cDNA of the clone selected for expression of the enzyme was sequenced for verification.
Recombinant A. thaliana glyoxalase II was purified from a 3-litre culture as described previously [10] using an affinity gel consisting of glutathione coupled to Affi-Gel 10 [15] . The recombinant enzyme was eluted from the column with 0n2 M NaCl in 10 mM Mops, pH 7n1. Protein concentration was determined by the method of Bradford [16] . Native PhastGel 8-25 (w\v) (Pharmacia Biotech) was used for determination of the subunit composition of the recombinant plant enzyme. The relative molecular mass of the enzyme was estimated using SDS\12n5 % (w\v) PAGE [17] . The protein bands were visualized by silver staining [18] . Isoelectric focusing was performed in the interval pH 3-9 on precast gels PhastGel IEF 3-9 from Pharmacia Biotech using the PhastSystem. N-Terminal sequence determination of the protein was carried out after electroblotting to poly(vinylidene difluoride) membranes [19] .
Kinetic measurements
The kinetic determinations were performed at 37 mC in a reaction volume of 1 ml of 100 mM Mops, pH 7n1. The concentrations of S--lactoylglutathione and S--mandeloylglutathione were varied in the intervals 10-2000 µM and 1-60 µM respectively. The formation of glutathione was monitored at 412 nm (ε l 13n6 mM −" :cm −" ) in the presence of 200 µM 5,5h-dithiobis-(2-nitrobenzoate) [20] . The amount of enzyme in the assay system was 5 ng. The kinetic data were analysed using the SIMFIT computer program [21] .
RESULTS

Cloning of the A. thaliana glyoxalase II cDNA
Primers for PCR amplification and isolation of the glyoxalase II cDNA were designed on the basis of the similarity between the DNA sequence encoding human glyoxalase II [10] and two partial cDNA sequences from A. thaliana in the GenBank\EMBL databank (under accession numbers Z29948 and T22987). The two subsequently isolated partial cDNA sequences combined contained a sequence of 894 bp (Figure 1 ). DNA sequencing gave the structure of the 3h coding and non-coding region that was missing in the cDNA sequences identified in the databank. The coding region consisted of 774 bp. Analysis of the codon frequencies in A. thaliana glyoxalase II revealed a preference for A or T in the third position of the coding triplets in the plant Gly  GGG  3  Trp  TGG  3  Gly  GGA  8  End  TGA  1  Gly  GGT  7  Cys  TGT  4  Gly  GGC  1  Cys  TGC  3   Glu  GAG  10  End  TAG  0  Glu  GAA  8  End  TAA  0  Asp  GAT  14  Tyr  TAT  5  Asp  GAC  3  Tyr  TAC  3   Val  GTG  7  Leu  TTG  5  Val  GTA  2  Leu  TTA  2  Val  GTT  10  Phe  TTT  5  Val  GTC  0  Phe  TTC  3   Ala  GCG  3  Ser  TCG  3  Ala  GCA  4  Ser  TCA  1  Ala  GCT  7  Ser  TCT  2  Ala  GCC sequence ( Table 1 ). The 5h non-coding region contained 21 bp and the 3h region 96 bp. The isolated cDNA sequences lacked a poly(A) tail, and attempts to isolate the cDNA using an oligo(dT) primer were not successful. The calculated molecular mass of the protein of 258 amino acid residues was 28 791 Da. Alignment of the human glyoxalase II cDNA sequence with that from A. thaliana demonstrated 60 % identity. The amino acid sequences deduced from the cDNA sequences shared 54 % identity and 71 % similarity (Figure 2) . Certain regions such as those composed of residues 50-65 and residues 127-150 (except for a Phe-146\Tyr substitution) were 100 % identical. Searches in the EMBL databank using the cDNA and conserved amino acid regions (50-65 and 127-150) identified several additional matches. The deduced amino acid sequences from seven DNA sequences are aligned in Figure 3 . The alignment includes sequences with similarity to that of glyoxalase II that have not previously been identified as coding for any known protein from the platyhelminth Sch. mansoni (EMBL GenBank accession number U30264), the prokaryotes Rh. blastica (EMBL SWISSPROTBank accession number P05446), Bu. aphidicola (EMBL SWISSPROTBank accession number Q08889), Ps. aeruginosa (EMBL SWISSPROTBank accession number P20581), B. subtilis (EMBL SWISSPROTBank accession number P37502), E. coli (EMBL GenBank accession number D83536) and the yeast S. cere isiae (EMBL SWISSPROTBank accession number X87331). Certain positions of the aligned sequences have identical residues (Figure 3 
Expression and purification
Primers designed to optimize the expression in E. coli were introduced into the cDNA encoding glyoxalase II via PCR. The resulting cDNA library of variants with silent mutations was cloned into the expression vector pKK-D [11] . Screening for clones expressing glyoxalase II was performed using assays for enzyme activity with S--lactoylglutathione. Four independent clones expressing glyoxalase II were identified. One was chosen for large-scale purification of protein and DNA sequencing. The 5h part of the cDNA sequence derived from the PCR primer, with the modifications introduced, is shown in Figure 1 . Silent mutations involving replacements in wobble positions were present in eight codons of the coding sequence. No mutations other than those introduced via the synthetic oligonucleotide primer were present in the expression clone selected.
Large-scale purification (3-litre culture) of recombinant glyoxalase II yielded 15 mg of protein after affinity purification. The purified enzyme gave a single protein band of 30 kDa on native PhastGel 8-25 (results not shown), demonstrating that
Figure 4 Isoelectric focusing of recombinant A. thaliana glyoxalase II
The arrow indicates the position of the affinity-purified recombinant glyoxalase II on PhastGel IEF 3-9 after silver staining. The pI markers are Pharmacia Biotech broad pI kit (pH range 3-10). The lanes contained, from left to right, pI markers, glyoxalase II and glyoxalase II.
Table 2 Comparison of kinetic parameters of recombinant A. thaliana and human glyoxalase II
The values for the human enzyme are from ref. [10] .
Parameter
A. thaliana Human
glyoxalase II occurs as a monomer. The apparent molecular mass of the recombinant enzyme as determined by SDS\PAGE (not shown) was estimated to be 29 kDa, in agreement with the value calculated from the amino acid composition deduced from the cDNA. N-Terminal amino acid sequence analysis of the first four residues of the recombinant protein gave the sequence M-K-I-F, identical with the amino acid sequence deduced from the cDNA. The isoelectric point was estimated to be 6n2 on PhastGel IEF 3-9 ( Figure 4) .
Determination of kinetic constants
Steady-state kinetic studies were carried out with two substrates, S--lactoylglutathione and S--mandeloylglutathione. The experimental data were consistent with Michaelis-Menten kinetics and the estimated parameters are shown in Table 2 . The K m values were determined as 98 µM and 9 µM for S--lactoylglutathione and S--mandeloylglutathione respectively. The k cat values were determined as 446 s −" for S--lactoylglutathione and 74 s −" for S--mandeloylglutathione. The calcu-lated k cat \K m values were in excess of 10' s −" :M −" for both substrates. All kinetic values are of the same order of magnitude as those determined for human glyoxalase II (Table 2) .
DISCUSSION
Cloning of the cDNA sequence encoding glyoxalase II from A. thaliana reported in this paper provides information on the primary structure that is useful for comparative purposes. Human glyoxalase II has already been cloned, and a comparison of the available sequences identifies conserved regions. Further, the A. thaliana cDNA can serve as a useful tool in studies of the expression of the enzyme under different conditions in the various tissues of the plant. The 774 bp A. thaliana cDNA coding sequence was 6 bp shorter (2 amino acids) than the coding sequence of human glyoxalase II. Alignment of the two amino acid sequences deduced from the cDNA sequences (Figure 2) showed 54 % identity, indicating that they are homologous proteins derived from the same ancestor. Several conserved regions were recognized. The A. thaliana segments 50-65 and 127-150 are almost 100 % identical with the corresponding sequences in the human enzyme, and the first region includes four conserved histidine residues. Searches in the sequence databanks based on the regions conserved between two species (residues 50-65 and 127-150) revealed several unidentified DNA and protein sequences with high similarity to A. thaliana and human glyoxalase II (Figure 3 ). Presumably these sequences encode glyoxalase II. Glutathione thiolesterase activity has been found in most species. Glyoxalase II has been purified from S. cere isiae [22] , an organism that was noted here to contain a related sequence (see Figure 3) .
Glyoxalase II is assumed to have an imidazole group of significance for its catalytic activity [23] . A nucleophilic residue is supposed to be responsible for the attack on the carbonyl carbon of the thiolester substrate, forming an acylated enzyme with concomitant release of glutathione [23] . In the following hydrolysis of the acyl-enzyme intermediate the free hydroxy acid is produced. Interestingly, certain positions in the aligned amino acid sequences are conserved (Figure 3) . The region 76-82 contains the motif T-H-X-H-X-D-H, which is found in all sequences. However, several histidine residues (eight) are conserved between the human and plant glyoxalase II ; His-54, His-56, His-59, His-112 and His-174 are conserved in all the sequences (Figure 3 ). These residues are obviously of significance in these related proteins. Information on the three-dimensional structure may be necessary to elucidate their possible catalytic role further, but is not yet available. Nevertheless, the regions of the primary structures with high similarity are probably of importance for the catalytic mechanism, binding of the substrate or the structure of the enzyme.
The molecular mass of the enzyme was calculated as 28 791 Da, similar to that of the human enzyme (28 861 Da) ( Table 3) . Glyoxalase II from A. thaliana with an isoelectric point of 6n2 is more acidic than the human enzyme (pI 8n5). The acidic plant enzyme has been purified from spinach leaves [8] and Aloe era [9] , for which the isoelectric points were determined to be in the ranges 5n3-6n2 and 4n7-5n0 respectively. The recombinant A. thaliana glyoxalase II obtained by heterologous expression was shown to retain the N-terminal methionine residue, which is also the case for the human recombinant enzyme. Retention of methionine is in accord with the presence of lysine in the second position [24] . Steady-state kinetic constants were determined for A. thaliana glyoxalase II at 37 mC for comparison with the previously determined parameters for the human enzyme. The K m and k cat values for both S--lactoylglutathione and S--mandeloylglutathione were of the same magnitude as those of the human enzyme. The properties of the A. thaliana and the human glyoxalase II are similar (Tables 2 and 3 ). The similarities of the sequences and other characteristics argue for a common evolutionary origin of the two enzymes. The difference in the isoelectric points probably does not invalidate this reasoning, since pI values are usually determined by superficial charged residues without functional importance.
Bivalent metal ions, such as Mg# + and Zn# + , added to the growth medium, did not have any influence on the specific activity of recombinant glyoxalase II with S--lactoylglutathione (results not shown). In the case of the metalloenzyme glyoxalase I, Zn# + was found to be essential for production of any significant amounts of the recombinant enzyme [25] . However, there is no evidence that glyoxalase II is dependent on metal ions for activity.
